Wheat landraces are currently being explored mainly as a source of allelic variation related to crop resilience and low-input adaptation. Characterization of their high-and low-molecular weight glutenin subunits can aid breeders to select as donor local materials those ensuring good end-use properties in the derived elite cultivars. By using protein electrophoretic methods, we have determined the prolamin allelic profile of 116 Spanish durum wheat landraces. Their quality properties (as defined by grain protein content, sodium dodecyl sulfate (SDS) sedimentation volume and mixograph behavior) have also been assessed. The study has identified six novel glutenin alleles plus some other rare alleles some of which have been associated with improved durum wheat quality. Most of the novel variation detected needs to be characterized in a wider sample of varieties to establish any eventual beneficial effect on functional quality. Further analysis of the quality properties associated to specific allele combinations of Glu-A3, Glu-B3, and Glu-A1 has disclosed some clues on the influence on quality of certain non-allelic interactions between these main prolamin-encoding loci. Some of the landraces, showing outstanding values for the gluten quality parameters analyzed, might be directly used by farmers interested in the cultivation of traditional varieties for specialized food markets.
Introduction
Durum wheat (Triticum turgidum L. var. durum) is a self-pollinated allotetraploid cereal (2n = 4x = 28, AABB) which shares the genomes A and B with bread wheat. Durum wheat is a traditional Mediterranean crop and one of the pillars of Mediterranean food. Milling of durum wheat grains yields semolina, which is the basis of several products, from Italian pasta, spread throughout the world (spaghetti, macaroni, etc.), to couscous (typical of North African countries), as well as bulgur and breakfast cereals.
Durum wheat was domesticated in the Fertile Crescent 10,000 years before the present (BP), and spread from the east to the west of the Mediterranean Basin [1, 2] reaching the Iberian Peninsula around 7000 years BP [3] . Natural and human selection resulted in the establishment of local landraces, specifically adapted to the biotic and abiotic characteristics of their region of origin. From the 1970s of the 20th century, the release of modern breeding varieties, more yielding under conventional crop management systems, led to their progressive abandonment [4] . It has markedly narrowed the genetic diversity present in current varieties of durum wheat as well as of bread wheat [5, 6] .
The next-generation of wheat cultivars will have to meet the food demands of an increasing human population while facing the uncertainty of future climate conditions and with less input requirements (water, fertilizers, etc.) as demand for improving the sustainability of agro-ecosystems. Wheat landraces are among the most suitable germplasm resource where the genetic variation required for that aim can be searched. These locally adapted varieties have several advantages over wild wheat relatives as donors for the incorporation of useful traits into elite varieties; firstly, because no crossability or offspring viability problems are expected, and secondly because of the lower risk of co-transferring agronomically unfavorable alleles. It explains that several huge research initiatives have undertaken the characterization of the phenotypic, genetic and genomic diversity of wide collections of landraces (i.e., seedsofdiscovery.org; www.whealbi.eu). The final overall objective of these research efforts is to find allelic variation that can be exploited for the breeding of high-yielding, resilient wheat cultivars with less vulnerability to biotic and abiotic limitations. However, it cannot be forgotten that most of the wheat production is used for human consumption [7] . Grain composition of new bread and pasta wheat cultivars should then maintain appropriate end-use properties of flours and semolinas. It may be therefore advisable that genetic factors associated with improved functional quality are characterized and employed as additional criteria in the selection of local varieties to be used as donor germplasm. Furthermore, the increasing market for food products derived from traditional varieties is likely to trigger a growing commercial interest in landraces with high-quality performance, especially suitable for low-input cropping systems [8] .
The endosperm reserve proteins are the most important and studied wheat quality components. This group of proteins constitutes a very heterogeneous material [9] , which includes albumins (water-soluble), globulins (soluble in neutral salt solutions) and prolamins of two types: gliadins and glutenins. The association of prolamins with lipids and other components (minerals, carbohydrates) forms a viscoelastic complex called gluten. The specific profile of endosperm proteins of a given wheat cultivar has a direct relationship with bread or semolina quality, is independent of environmental conditions, and depends on relatively few genes, being easily identified by electrophoretic methods. In the case of durum wheat, the most commonly used markers for semolina quality are gliadins γ-42 and γ-45. The presence of gliadin γ-45 was early associated with gluten strength [10] , but the effect is really caused by the subunits of low molecular weight (LMW) glutenins tightly linked to gliadin γ-45 and not by γ-45 itself [11] . Further studies have indeed established that the functional quality of durum wheat mainly depends on their subunit composition for LMW glutenins, encoded by the Glu-A3, Glu-B3 and Glu-B2 loci [12] [13] [14] .
Aguiriano and coworkers analyzed the allelic variation for prolamins in a set of 52 Spanish durum wheat landraces, which represented around 10% of the Spanish durum wheat local varieties maintained in the national germplasm bank [15] . A few other accessions from the whole collection have been included in studies where the prolamin composition of landraces from different Mediterranean countries has been described [16, 17] . These studies have evidenced the remarkable variability for prolamins in Spanish accessions, which is far from fully represented in the Spanish core collection of durum wheat [18] . The present study has characterized the prolamin composition of a wide set of Spanish durum wheat landraces. Quality-related parameters routinely used for the preliminary screening of large germplasm samples have also been evaluated. The aims were to identify durum wheat landraces bearing prolamin-coding alleles already associated with good semolina quality and to characterize novel allelic variation as well as allele combinations related to improved durum wheat quality.
Materials and Methods

Plant Material and Field Experimental Design
A set of 158 Spanish durum wheat landraces (Triticum turgidum L. ssp durum, 2n = 4x = 28, AABB)-from the collection of around 500 maintained at the Plant Genetic Resources Center of the Agronomy 2020, 10, 136 3 of 18 National Institute for Agricultural Research and Experimentation of Spain (CRF-INIA; Alcalá de Henares, Madrid)-has been analyzed. None of these accessions had been examined in an earlier study focused on Spanish durum wheat landraces [15] .
The materials were sowed by duplicate in plots of three rows (1.5 m long) following a random complete block design in the experimental fields of the School of Agricultural, Food and Biosystems Engineering (ETSIAAB, Universidad Politécnica de Madrid; 40 • 25 N, 3 • 42 W), in the agricultural years 2011/2012 and 2014/2015. Harvested grains from the replicated plots were mixed prior to conducting the semolina quality analyses.
Homogeneity of Landraces
Five grains per accession were randomly collected and their protein profile (glutenin subunits and gliadins) was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The landraces that resulted to be formed by a mixture of genotypes were not considered for further analyses.
Characterization of High and Low Molecular Weight Glutenins, and Gliadins
High molecular weight (HMW) and LMW glutenins were extracted following the protocol described by [19] . Electrophoresis of reduced and alkylated glutenin proteins was performed on one-dimensional SDS-PAGE at 12% polyacrylamide [20] and gliadins were fractionated by acid polyacrylamide gel electrophoresis (A-PAGE) [21] . HMW glutenin alleles (Glu-A1 and Glu-B1 loci) were identified using the nomenclature of Payne and Lawrence [22] with some modifications [23] , LMW glutenin alleles (Glu-A3, Glu-B3, and Glu-B2 loci) were named following Nieto-Taladriz et al. [24] , and γ-gliadins (Gli-B1 locus) were named according to Kudryavtsev et al. [25] .
Mass Spectrometry
The protein of interest was manually extracted from the SDS-PAGE gel and introduced into a 1.5 mL tube where the protein was reduced, alkylated and digested [26] . After digestion, the supernatant was collected and analyzed in a 4800 Proteomic Analyzer MALDI-TOF/TOF mass spectrometer (Applied Biosystems, Framingham, MA) at the Genomics and Proteomics Center of the Complutense University of Madrid (Madrid, Spain).
Semolina Quality Analyses
Protein content, on a 14% moisture basis, was estimated by near-infrared reflectance analysis (NIR) using a Technicon Infralyzer 300 (Technicon Instrument Co. Ltd., Hants, UK). The SDS-sedimentation (SDSS) test was performed as described Dick and Quick [27] with the following modifications: two mixing periods of 20 and 10 sec were used, and stoppered tubes were inverted, by means of a mechanical shaker, 16 times in each of two periods of 40 sec with a rest of 2 min between the two periods [28] . Rheological properties were determined by Mixograph of 10 g whole wheat meal [29] , with modification for a constant water absorption of 6.5 mL. The mixograph parameters were: mixing development time (MT), maximum peak height (MH), height at 3 min after the peak (H3), and resistance to breakdown (BDR) which is the percentage difference between MH and H3.
Statistical Analyses
Analysis of variance and Duncan's method for multiple mean comparisons were used to study the effects on the quality parameters of the allelic variation encoded by the glutenin and gliadin loci examined, and the effect of year (E) and genotype × year (G × E) interactions in the case of parameters measured in 2012 and 2015 samples. Multivariate analysis with principal component analyses (PCA) was applied to analyze the relationships between the quality variables and allelic variants or allele combinations at selected loci. Relations between variables were estimated by Pearson correlation coefficients. All statistical analyses were completed with the InfoStat statistical package (Faculty of Agricultural Sciences of the National University of Córdoba, Córdoba, Argentine) [30] .
Results and Discussion
Local varieties are usually formed by a mixture of genotypes [31] . Within our initial set of 158 Spanish landraces, 116 accessions showed homogeneous electrophoretic patterns. The remaining accessions (26.7%) were heterogeneous for at least one of the prolamins analyzed. Such a level of intrapopulation variability is similar to that found by other authors in Spanish local populations (28%; [32] ) and in Algerian landraces (20%; [33] ).
The germplasm bank codes and local names of these 116 accessions selected for further characterization are given in Supplementary Table S1 . It includes also their alleles or subunits for each prolamin-encoding locus analyzed and values for the quality parameters examined. Passport and characterization data on each of the entries can be retrieved from the INIA-CRF germplasm database (www.inia.es). Table 1 shows the glutenin subunits that were observed in the durum wheat landraces at Glu-A1, Glu-B1, Glu-A3, Glu-B3, and Glu-B2 loci, and the γ-gliadins at the Gli-B1 locus. Table 1 . Frequency of the different high molecular weight (HMW) and low molecular weight (LMW) glutenin subunits and γ-gliadins observed for loci Glu-1, Glu-3, Glu-B2, and Gli-B1 in the 116 durum wheat landraces analyzed. The allele correspondence is indicated for those variants that have been already designated. 
Characterization of Prolamin Loci
Locus
HMW Glutenin Subunits
Five alleles encoded by the Glu-A1 locus could be identified ( Table 1) . Three of them (namely a, b and c) are common alleles already described by Payne and Lawrence [22] . The most frequent was the c allele (null allele) found in 60 landraces (51.7%), while alleles a and b (subunits 1 and 2*) were found in 24 and 27 landraces, respectively (20.7% and 23.3%). Aguiriano and coworkers reported a quite similar frequency of the a and c Glu-A1 alleles (33% and 38%, respectively) in a sample of 52 Spanish landraces [15] . The present results are based on a larger sample and hence can be considered more representative of the allelic richness of Spanish durum wheat local varieties. Several other studies have found a frequency of c allele even higher than 50% in Mediterranean landraces (i.e., [16, 17, 32, [34] [35] [36] ).
The rare o allele (V subunit) was found in four landraces (3.4%). This allele, also designated as 2**, was early described in two Portuguese local varieties of durum wheat [37] and in five varieties within a collection of 502 durum wheat accessions from a wider geographical origin [38] . Three later studies conducted on Mediterranean landraces reported the presence of this allele although always at the lowest frequency [15, 17, 36] . It can be highlighted that this allele is not among the represented in the Spanish core collection of durum wheat [18] . Additionally, a novel HMW subunit with a higher electrophoretic mobility than the V subunit was identified in the accession BGE19307 ('Baza'; Figure 1a ). The Glu-B1 locus was the most polymorphic HMW locus (Table 1) . Seven previously cataloged alleles were found, namely a, b, e, f, an, aq and bd [23] . Among them, e, b, f and aq alleles were the most frequent (17.2%, 11.2%, 9.5%, and 6.9% respectively). A quite similar allele composition has been found by other authors in Spanish [32] and Portuguese germplasm [34, 39] . The 6+(8) pair, a subunit combination with no allele designation, was the most frequent ( Table 1 ). The subunit named (8) has been previously observed in durum wheat [36] and bread wheat [40] . It shows a slightly different mobility than the By8 present in the pairs 6+8 and 7+8 of the bread wheat standards 'Hope' and 'Chinese Spring', respectively ( Figure 1b) .
A single protein band with a similar electrophoretic mobility than the Glu-B1x subunit of the 20x+20y pair was observed in one accession (BGE021769; Figure 1c ). This finding was quite unexpected since the presence of the 20x subunit alone had only been described in a Portuguese local variety of common wheat [41] . To confirm its identity, the protein was extracted and analyzed by matrix-assited laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (see Supplementary Figure S1 ). It can be noted that the core collection of Spanish durum wheat includes a line derived from the landrace analyzed here, as representative of this rare Glu-B1 allele (BGE045673; see [18] ).
LMW Glutenin Subunits
The analysis of glutenin subunits encoded by the Glu-A3 locus revealed seven alleles (a, b, d, e, h, q, i) previously cataloged [24, 42, 43] . The a allele was the most frequent (40.5%; Table 1 ). The high frequency of this good quality-related allele in durum wheat materials agrees with the findings reported in commercial varieties [24] and in local varieties of Portugal, Algeria and Spain [15, 33, 39] . Also in agreement to earlier results [17, 33] , the h null-allele has been the second most frequent (30.2%). The allele q (pair 5+20), found in four local varieties, has been formerly reported in local germplasm (i.e., [33] ).
In addition to those already cataloged, two subunits (5* and 8*) and three pairs of subunits (5+8*, 5*+20 and 6+20) with no allele correspondence were found in our study. Among them, the pair 5+8* was the only not previously described (Figure 2a, lane 1) . This Glu-A3 allele is not represented in the Spanish core collection of durum wheat [18] in spite that its frequency cannot be considered negligible ( Table 1 ). The subunit 5* (Figure 2b ), characterized by a lower mobility than the subunit 5 The Glu-B1 locus was the most polymorphic HMW locus (Table 1) . Seven previously cataloged alleles were found, namely a, b, e, f, an, aq and bd [23] . Among them, e, b, f and aq alleles were the most frequent (17.2%, 11.2%, 9.5%, and 6.9% respectively). A quite similar allele composition has been found by other authors in Spanish [32] and Portuguese germplasm [34, 39] . The 6+(8) pair, a subunit combination with no allele designation, was the most frequent ( Table 1 ). The subunit named (8) has been previously observed in durum wheat [36] and bread wheat [40] . It shows a slightly different mobility than the By8 present in the pairs 6+8 and 7+8 of the bread wheat standards 'Hope' and 'Chinese Spring', respectively ( Figure 1b) .
In addition to those already cataloged, two subunits (5* and 8*) and three pairs of subunits (5+8*, 5*+20 and 6+20) with no allele correspondence were found in our study. Among them, the pair 5+8* was the only not previously described (Figure 2a, lane 1) . This Glu-A3 allele is not represented in the Spanish core collection of durum wheat [18] in spite that its frequency cannot be considered negligible ( Table 1 ). The subunit 5* (Figure 2b ), characterized by a lower mobility than the subunit 5 present in the standard 'Langdon' [24] , has been described in other Spanish durum wheat landraces [15, 36] . The subunit 8* (Figure 2a , lane 3) was described in the Portuguese durum wheat 'Mourisco Fino' as part of the pair 8*+11 [42] . This subunit was subsequently found in Algerian durum wheat [33] and in accessions of T. turanicum [44] . Finally, the pairs 5*+20 and 6+20, in only one accession each, have been previously reported in Spanish and Mediterranean durum wheat local landraces, respectively [15, 17] .
Agronomy 2020, 10, 136 7 of 17 present in the standard 'Langdon' [24] , has been described in other Spanish durum wheat landraces [15, 36] . The subunit 8* (Figure 2a , lane 3) was described in the Portuguese durum wheat 'Mourisco Fino' as part of the pair 8*+11 [42] . This subunit was subsequently found in Algerian durum wheat [33] and in accessions of T. turanicum [44] . Finally, the pairs 5*+20 and 6+20, in only one accession each, have been previously reported in Spanish and Mediterranean durum wheat local landraces, respectively [15, 17] . The Glu-B3 locus was the most polymorphic among all prolamin loci analyzed, with up to 16 different subunit combinations ( Table 1 ). The highest frequency of the a allele (37.9%) agrees with all previous reports on Mediterranean durum wheat landraces (e.g., [15, 33, 45] ), although it is worthy of noting that this allele is even more abundant in commercial varieties of durum wheat [17] . The relatively high presence of the h and i alleles (15.5% and 13.8%, respectively) is in agreement with the observed by Aguiriano and coworkers [15] . But this feature might be characteristic of Spanish landraces since these alleles are either absent or present at much lower frequency in wide germplasm collections from Portugal [45] and other Mediterranean regions [17] . Moragues and coworkers found a quite relevant frequency of the Glu-B3c allele (27%) within the set of 26 landraces from the Iberian Peninsula included in their study, which covered accessions from 13 Mediterranean countries [16] . However, this allele, described in commercial varieties of durum wheat [24, 45] , has been found neither in this work nor in those of other authors that have examined landraces from Spain and Portugal [15, 39] .
Among the eight combinations of LMW glutenin subunits encoded by the Glu-B3 locus that have no allele designation, four of them had not been described until now: 1+3+13+19, 13*+18 (Figure 2b) , 13+14+18, and 2+4+13+15+17 (Table 1 ). Furthermore, the combination 1+3+13*+19 is the only represented in the Spanish durum wheat core collection [18] .
The Glu-B2 locus encoded for three allelic variants, namely a, b and c ( Table 1) . The a and b alleles (subunit 12 and null allele, respectively; see Figure 2 ) were present each in almost half of the landraces, while the c allele (subunit 12*) was identified in only three out of the 116 accessions. This allele was initially observed in the local variety 'Alcalá la Real' [43] but has not been found in later analyses on wide collections of Mediterranean durum wheat landraces. The relative frequency of the a and b alleles greatly varies between studies, some of them reporting a majority of a alleles (e.g., [24, 33, 45] ), a majority of b alleles (e.g., [15, 17] ) or, as found in this study, a quite similar abundance of both alleles [16] . The Glu-B3 locus was the most polymorphic among all prolamin loci analyzed, with up to 16 different subunit combinations ( Table 1 ). The highest frequency of the a allele (37.9%) agrees with all previous reports on Mediterranean durum wheat landraces (e.g., [15, 33, 45] ), although it is worthy of noting that this allele is even more abundant in commercial varieties of durum wheat [17] . The relatively high presence of the h and i alleles (15.5% and 13.8%, respectively) is in agreement with the observed by Aguiriano and coworkers [15] . But this feature might be characteristic of Spanish landraces since these alleles are either absent or present at much lower frequency in wide germplasm collections from Portugal [45] and other Mediterranean regions [17] . Moragues and coworkers found a quite relevant frequency of the Glu-B3c allele (27%) within the set of 26 landraces from the Iberian Peninsula included in their study, which covered accessions from 13 Mediterranean countries [16] . However, this allele, described in commercial varieties of durum wheat [24, 45] , has been found neither in this work nor in those of other authors that have examined landraces from Spain and Portugal [15, 39] .
Gliadins
The Glu-B2 locus encoded for three allelic variants, namely a, b and c ( Table 1) . The a and b alleles (subunit 12 and null allele, respectively; see Figure 2 ) were present each in almost half of the landraces, while the c allele (subunit 12*) was identified in only three out of the 116 accessions. This allele was initially observed in the local variety 'Alcalá la Real' [43] but has not been found in later analyses on wide collections of Mediterranean durum wheat landraces. The relative frequency of the a and b alleles greatly varies between studies, some of them reporting a majority of a alleles (e.g., [24, 33, 45] ), a majority of b alleles (e.g., [15, 17] ) or, as found in this study, a quite similar abundance of both alleles [16] .
Three of the commonest γ-gliadin variants encoded by the Gli-B1 locus (γ-42, γ-44, and γ-45) were found in the durum wheat landraces examined, but other five rare γ-gliadins were also observed, and nine accessions did not express any γ-gliadin (Table 1 ; see Figure 3 ). Gliadin γ-45 was the most frequent (64.6%), which is in coincidence with previous studies carried out in local varieties [15, 32, 34, 36, 46] as well as in commercial varieties [24, 25, 28] of durum wheat. Gliadin γ-44 was present in 18% of the landraces. This gliadin, that has been found with an even greater frequency in some studies on Spanish landraces [15, 46] , is practically absent in commercial varieties [24, 25, 28] . The low frequency of the γ-42 gliadin (3.4% of the accessions) is quite in agreement with its representation in the core collection of Spanish durum wheats (5.3%; [18] ). It can be noted that three of the rare variants found here (γ-41, γ-43, and γ-46) are also represented in the core collection. Among the remainder, γ-40 and γ-47, only the former had earlier been reported.
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Three of the commonest γ-gliadin variants encoded by the Gli-B1 locus (γ-42, γ-44, and γ-45) were found in the durum wheat landraces examined, but other five rare γ-gliadins were also observed, and nine accessions did not express any γ-gliadin (Table 1 ; see Figure 3 ). Gliadin γ-45 was the most frequent (64.6%), which is in coincidence with previous studies carried out in local varieties [15, 32, 34, 36, 46] as well as in commercial varieties [24, 25, 28] of durum wheat. Gliadin γ-44 was present in 18% of the landraces. This gliadin, that has been found with an even greater frequency in some studies on Spanish landraces [15, 46] , is practically absent in commercial varieties [24, 25, 28] . The low frequency of the γ-42 gliadin (3.4% of the accessions) is quite in agreement with its representation in the core collection of Spanish durum wheats (5.3%; [18] ). It can be noted that three of the rare variants found here (γ-41, γ-43, and γ-46) are also represented in the core collection. Among the remainder, γ-40 and γ-47, only the former had earlier been reported. (10) , and in the standard varieties 'Jabato' (7) , 'Alaga' (8) and 'Ardente' (9).
Quality Evaluation
Mean Values, Range of the Quality Tests and Relation Between Quality Parameters
The mean protein content of the collection was similar in the two years analyzed (14.5%), ranging from 11.6% to 16.4% in the samples of 2011/2012 (2012 data) and from 11.3% to 17.5% in 2014/2015 (2015 data). The correlation coefficient between the values recorded in 2012 and 2015 was low but highly significant (r = 0.38, p ≤ 0.001). The protein content of durum wheat varieties is of critical importance in the pasta industry. It must exceed 13% to assure the minimum concentration of 12% required for suitable semolina and pasta processing [47] . It can be highlighted that half of the landraces under study (57 out of 116) showed a protein concentration consistently higher than 14%, and 18 of them reached above 15% in both years of analysis ( Supplementary Table S1 ).
The average SDSS volume in flours of 2012 was 29.6 mm, with a wide range (13.0 to 80.0 mm), while the mean SDSS value in 2015 samples was 35.3 mm and the minimum and maximum values were 19 mm and 87.5 mm, respectively (Table S1 ). The correlation coefficient between SDSS values recorded in both years was positive and highly significant (r = 0.74, p ≤ 0.001), as occurred for protein content. Mixograph parameters were determined only in flour samples of 2012. Mean values of MT (mixing development time) and BDR (resistance to breakdown) were 56.5 s and 31.9%, respectively. (10) , and in the standard varieties 'Jabato' (7) , 'Alaga' (8) and 'Ardente' (9).
Quality Evaluation
Mean Values, Range of the Quality Tests and Relation Between Quality Parameters
The average SDSS volume in flours of 2012 was 29.6 mm, with a wide range (13.0 to 80.0 mm), while the mean SDSS value in 2015 samples was 35.3 mm and the minimum and maximum values were 19 mm and 87.5 mm, respectively (Table S1 ). The correlation coefficient between SDSS values recorded in both years was positive and highly significant (r = 0.74, p ≤ 0.001), as occurred for protein content. Mixograph parameters were determined only in flour samples of 2012. Mean values of MT (mixing development time) and BDR (resistance to breakdown) were 56.5 s and 31.9%, respectively. These parameters, related to the mechanical properties of wheat doughs, had again wide-ranging Agronomy 2020, 10, 136 9 of 18 values in the collection of landraces examined, i.e., 18.0 to 129.0 s (MT) and 6.7 to 47.2% (BDR) (see Supplementary Table S1 ). Good gluten properties are associated with high values for SDSS and MT, and low BDR. As then expected, the correlation between SDSS values and the mixograph parameters was highly significant and positive with MT (r = 0.83, p < 0.001) while negative with BDR (r = −0.57, p < 0.001), and MT and BDR were negatively correlated (r = −0.66, p < 0.001). These results on the inter-relation between SDSS, MT and BDR values are similar to the reported in earlier studies (e.g., [48, 49] . Also, in agreement with those and other authors (e.g., [36] ), no significant correlation was detected between protein content and SDSS or MT values (see Supplementary Table S2 ), while a significant positive relation of protein content with BDR was found (r = 0.35, p < 0.001).
Effect of Allelic Variation at Individual Prolamin Loci
Analysis of variance (ANOVA) tests were conducted to determine the effect of allelic variation at the prolamin loci on protein content and gluten quality parameters. Alleles that had been found in less than three accessions were excluded from these analyses. For protein content and SDSS, the effects of the year and the genotype × year were also determined. Since no significant genotype × year interactions were detected (see Supplementary Table S3 ), repeated ANOVA tests that excluded this source of variation were conducted. The results are summarized in Table 2 , which also shows the mean values obtained for the distinct alleles at each locus after Duncan's multiple comparison tests.
Protein content was the trait less significantly influenced by the variability at the loci analyzed, a certain effect is associated with allelic variation at Glu-B1 and Glu-B3 alleles. The Duncan's test detected differences between landraces presenting distinct alleles at Glu-A3 despite the effect of this locus on protein content was not significant according to the ANOVA test. As expected, a greater effect of the genotypic factors was obtained for the variables related to the functional properties of gluten, i.e., SDSS, MT and BDR. Allelic variation at Glu-A1, Glu-A3 and Glu-B3 affected SDSS, and significant differences for SDSS mean values were obtained between alleles of all loci examined except Glu-B2 (Table 2 ). MT was influenced by variation at Glu-A1 and Glu-A3. BDR was especially influenced by variation at Glu-A1 and, to a lesser extent, at Glu-A3 and Glu-B3, although mean differences depending on the Glu-B1 allele present were also obtained.
Among the four Glu-A1 alleles whose effect could be analyzed, the allele Glu-A1o (subunit V) showed a highly significant positive effect on gluten properties, associated with the highest values for SDSS and TM, and the lowest for BDR. This allele was found in four of the 116 landraces under study, none of which could be examined in the second year of analysis. Certain evidences, however, support the interest of conducting further studies to confirm its beneficial influence on wheat quality. So, the landraces that presented this allele (BGE018265, BGE018270, BGE018284, and BGE018285) have maintained high SDSS values (53-77 mm) in samples from other seasons than the reported here. Additionally, Babay and coworkers described this allele in two landraces, one from Algeria and the other from Spain, that showed overall good gluten properties according to their SDSS, MT and BDR values [36] . No significant differences were detected on the quality-related traits between the remaining GluA1 alleles ( Table 2) . To some extent, this finding could result from the much greater effect of the allele o, although a similar influence of alleles a, b and c agrees with the reported in other studies [50, 51] .
Allelic variation at the HMW locus Glu-B1 was less relevant than at Glu-A1 (Table 2) . Landraces bearing the allele b (subunits 7+8) showed high SDSS and MT values, in agreement with the findings by other authors in commercial varieties of durum wheat [28, 50, 51] . It can also be noted the good mixograph parameters of the accessions with the Glu-B1f allele (13+16). This allele is very infrequent in commercial varieties which explain the scarce number of studies that have analyzed its effect on quality. Nevertheless, its presence in a durum wheat variety showing high gluten strength and tenacity has been reported [50] . Regarding the LMW Glu-A3 locus, the effect of six designated alleles and the subunits 8* and 5+8* could be analyzed ( Table 2) . A clear deleterious effect on gluten properties was found for allele d (6+11), which resulted in the lowest SDSS and MT values and the highest BDR among all recorded. This result was unexpected since a positive influence of this allele on SDSS values has been reported in commercial varieties and Mediterranean landraces [17, 51] . The small sample of landraces where this allele was found makes it difficult to further analyze whether the specific alleles present at other prolamin-encoding loci may be responsible for such disagreement. Landraces bearing the 5+8* pair had the highest SDSS and MT values, and a positive influence of the subunit 8* on MT was also found. Even only three landraces presented each of them, these results can be highlighted since there is no previous report on the influence of these two Glu-A3 allelic patterns on dough rheological properties.
As occurred for Glu-A3, allelic variation at the LMW locus Glu-B3 was found to be relevant for rheological properties. Landraces with subunits 13*+15+19, 13+19 and allele a had the best SDSS values. Their effect on mixograph parameters was, however, quite contrasting. Subunit combination 13*+15+19 and allele a showed the highest MT values, although the means were not significantly different, and the allele a maintained a positive effect on quality as indicated by lower BDR values. However, the low MT and high BDR values found for the pair 13+19 are associated with worse gluten behavior ( Table 2 ). It can be noted that the presence of the Glu-B3a allele has already been recognized as a prerequisite of functional quality of durum wheat [14, 43, 51] , but the influence of the other LMW subunit combinations had not been reported earlier.
No significant effect on any of the gluten quality-related parameters examined was found to be associated with allelic variation at either Glu-B2 and Gli-B1 loci, although mean SDSS value of landraces bearing gliadin γ-45 was higher than in landraces with gliadin γ-42. It is worthy of noting that these two γ-gliadins have been traditionally used as markers of, respectively, good and bad processing properties in durum wheat because of the tight genetic linkage between Gli-1 and Glu-3 loci [11, 52] .
Many studies have established that the gluten strength of durum wheats ultimately depends on their subunit composition for LMW glutenins, encoded by the Glu-A3, Glu-B3 and Glu-B2 loci [11, 53] , whereas a lesser effect has been demonstrated for HMW-GS [12] [13] [14] 54] . However, the findings reported above demonstrate no influence of Glu-B2 and a relevant effect of Glu-A1 in the set of Spanish landraces examined. Figure 4 shows the results of a multivariate PCA analysis conducted to better assess the overall relationships of the alleles at the relevant loci (Glu-A1, Glu-A3, and Glu-B3) with the quality traits. The first two axes of the PCAs accounted for 83-98% of the total variance. In all cases, gluten quality resulted clearly associated with the main PC1 axis, with SDSS and TM in the positive direction. Protein content and BDR were mostly associated with the negative PC1 values but their position along the PC2 axis resulted in more variation between the three PCA analyses. In agreement with the main results described above, this approach confirmed the outstanding effect on gluten properties of Glu-A1o allele (Figure 4a ), the remarkable beneficial influence of the subunit combination 5+8* and weaker properties derived of allele d at Glu-A3 (Figure 4b) , and the positive relation with gluten quality of the allele a and the combination 13*+15+19 among the allelic variants analyzed at Glu-B3 (Figure 4c ). 
Non-Allelic Interactions between Prolamin Loci
The analysis of allelic variation at a single locus facilitates the identification of alleles having a relevant effect on a trait, particularly when the loci under study are highly polymorphic. However, gluten performance is the outcome of complex interactions between the glutenin and gliadin protein subunits encoded by the whole set of prolamin loci. Further multivariate PCA analyses were then conducted to assess the influence of specific allelic combinations on gluten quality. The four landraces bearing the Glu-A1o allele were excluded from these analyses to avoid that the outstanding influence of this allele could mask or bias the effects of the alleles that these accessions presented at the other prolamin loci. Such exclusion reduced the significance of the effect of allelic variation at Glu-A1 on SDSS (F = 3.82; p = 0.024) and MT (F = 4.22; p = 0.019) but not on BDR (F = 13.17; p > 0.001), while the effects of the other prolamin loci remained virtually the same (compare ANOVA results in Table 2 
The analysis of allelic variation at a single locus facilitates the identification of alleles having a relevant effect on a trait, particularly when the loci under study are highly polymorphic. However, gluten performance is the outcome of complex interactions between the glutenin and gliadin protein subunits encoded by the whole set of prolamin loci. Further multivariate PCA analyses were then conducted to assess the influence of specific allelic combinations on gluten quality. The four landraces bearing the Glu-A1o allele were excluded from these analyses to avoid that the outstanding influence of this allele could mask or bias the effects of the alleles that these accessions presented at the other prolamin loci. Such exclusion reduced the significance of the effect of allelic variation at Glu-A1 on SDSS (F = 3.82; p = 0.024) and MT (F = 4.22; p = 0.019) but not on BDR (F = 13.17; p > 0.001), while the effects of the other prolamin loci remained virtually the same (compare ANOVA results in Table 2 and Supplementary Table S4 ). Then all the findings described below are based on a set of 112 durum wheat landraces.
A first multivariate PCA analysis was conducted to determine the relationships with the quality traits of allele combinations at the LMWGS-encoding loci Glu-A3 and Glu-B3 (Figure 5a ). Gluten quality resulted again clearly associated with the main PC1 axis, with SDSS and MT in the positive direction, and BDR in the negative direction. The high allelic variability found for these two loci in the germplasm collection explains that only half of the 20 Glu-A3:GluB-3 allele combinations were present in at least three landraces. Among these, the combinations involving Glu-B3a (a:a and h:a, with the Glu-A3 and Glu-B3 alleles being indicated in first and second place, respectively) were grouped together in the biplot space, despite Glu-A3a, but not Glu-A3h, was associated with good quality (Figure 4b) . It supports the acknowledged relevance of the Glu-B3a allele on the good gluten properties of durum wheat [14, 43, 51] and suggests some epistatic interaction of this allele over Glu-A3. However, in the case of the bad gluten quality-related Glu-B3h allele, a non-allelic additive interaction with those Glu-A3 alleles seems to exists since the position of a:h and h:h in Figure 5a fits the expected according to the relative positions of the a and h Glu-A3 alleles in Figure 4b . Genotype combinations involving the allele Glu-A3q (subunits 5+20) can be highlighted among the represented by less than three landraces: q:b, q:i and q:13+19. It was remarkable, not only their different position along the PCA 1 axis, but especially that q:i was the best performing since the overall influence of the Glu-B3i allele on the quality tests was similar or even worse than the findings for the Glu-B3b allele and the subunits 13+19 (Table 2; Figure 4c ). Furthermore, the finding that the landraces with b:i and h:i were placed in the opposite, negative, direction in Figure 5a suggests that the combination of the Glu-A3q and Glu-B3i might be particularly beneficial for improved gluten quality. Nevertheless, such a conclusion needs to be confirmed by further analysis of a larger sample of varieties bearing this Glu-A3:Glu-B3 allelic pattern.
As noted above, less influence of the HMW loci Glu-A1 and Glu-B1 on durum wheat quality has commonly been reported. However, our ANOVA analyses detected some significant effects of Glu-A1 on SDSS, MT and, particularly, BDR values ( Table 2; see Supplementary Tables S3 and S4) , and the existence of interactions between Glu-1 and Glu-3 loci on bread wheat gluten properties is already documented (reviewed in [55]). A latter PCA analysis was then conducted to assess whether allelic variation at this locus could actually modify the predicted durum wheat gluten behavior of specific genotype combinations of Glu-A3 and Glu-B3. This approach was focused on the commonest Glu-A1 alleles (a, b and c) since the landraces bearing the Glu-A1o allele had been formerly excluded. The biplot of the first two axes is represented in Figure 5b where, for clarity purposes, the genotype combinations that are expressly mentioned in the text below are indicated in red. The noting of alleles combinations in that Figure, and their references henceforth, follow the format "Glu-A1/Glu-A3:Glu-B3". The genotypic classes involving the Glu-A3 alleles a and h and the Glu-B3 alleles a and h (namely, a:a, a:h, h:a and h:h) were particularly suitable to assess the influence of Glu-A1 interaction because combinations of each of them with two or three distinct Glu-A1 alleles could be analyzed. The relative positions of the allelic combinations a/a:a, b/a:a, and c/a:a (in 2, 10 and 16 landraces, respectively) support a differential effect on gluten performance of the Glu-A1 alleles a (subunit 1) and c (null allele), which seem to exercise a deleterious and beneficial influence, respectively (Figure 5b) . A differential effect of Glu-A1 alleles is also suggested by comparison between a/a:h, b/a:h and c/a:h (in 1, 4 and 4 landraces). In this case, however, it is the Glu-A1b allele which shows a negative effect on quality. Less differences are found between the positions in the biplot space of the landraces with the allelic combinations a/h:h, b/h:h and c/h:h (in 2, 2, and 1 landraces), all in the negative direction of the PC1 axe, but it is the allele c of Glu-A1 which seems to exercise the worst influence. Finally, a similar quality of a/h:a and c/h:a (in 3 and 9 landraces) could be deduced from their close position in the PCA biplot space. Some of these results need to be confirmed on a larger sample but support that a given Glu-A1 allele can show different effects on gluten properties depending on the genetic background at LMW loci Glu-A3 and Glu-B3. It may explain the difficulty to demonstrate clear consistent effects of the HMW Glu-A1 locus on durum wheat quality [49] . The underlying reasons for such unpredictable influence are surely related to the complexity of the molecular interactions in the glutenin polymers that determine dough properties [56] .
the expected according to the relative positions of the a and h Glu-A3 alleles in Figure 4b . Genotype combinations involving the allele Glu-A3q (subunits 5+20) can be highlighted among the represented by less than three landraces: q:b, q:i and q:13+19. It was remarkable, not only their different position along the PCA 1 axis, but especially that q:i was the best performing since the overall influence of the Glu-B3i allele on the quality tests was similar or even worse than the findings for the Glu-B3b allele and the subunits 13+19 (Table 2; Figure 4c ). Furthermore, the finding that the landraces with b:i and h:i were placed in the opposite, negative, direction in Figure 5a suggests that the combination of the Glu-A3q and Glu-B3i might be particularly beneficial for improved gluten quality. Nevertheless, such a conclusion needs to be confirmed by further analysis of a larger sample of varieties bearing this Glu-A3:Glu-B3 allelic pattern. No conclusion can be drawn about the conserved position in Figure 5a ,b of some of the Glu-A3:Glu-B3 subunits combinations highlighted above (i.e., 5+8*:13*+15+19, 5+8*:13+19, or 8*:13*+15+19) since no variability at Glu-A1 was found within the sample of landraces that presented each of them. The identification of these prolamin profiles in more durum wheat accessions would allow, firstly, to confirm their apparently beneficial effects on gluten properties and, secondly, to determine the possible existence of modulating effects involving Glu-A1 alleles.
Conclusions
The study conducted has identified some durum wheat landraces that could be directly used in farming agrosystems interested in the cultivation of traditional varieties. Among them, those bearing the Glu-A1o allele can be highlighted. Future studies need to be made to confirm the beneficial influence of this allele, which could be included in breeding programs for enhancing wheat quality. We have also characterized new alleles and allele combinations at Glu-A3 and GluB3 associated with better gluten properties. Most of the novel variation described here was present in a reduced number of accessions. Ongoing research efforts on local wheat germplasm may enlarge the samples allowing to further prove their utility as genetic markers for durum wheat quality improvement.
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